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Effective prophylaxis and antiviral therapies are urgently needed 
in the event of reemergence of the highly contagious and often 
fatal severe acute respiratory syndrome (SARS) coronavirus (SARS- 
CoV) infection. We have identified eight recombinant human 
single-chain variable region fragments (scFvs) against the SI do¬ 
main of spike (S) protein of the SARS-CoV from two nonimmune 
human antibody libraries. One scFv 80R efficiently neutralized 
SARS-CoV and inhibited syncytia formation between cells express¬ 
ing the S protein and those expressing the SARS-CoV receptor 
angiotensin-converting enzyme 2 (ACE2). Mapping of the 80R 
epitope showed it is located within the N-terminal 261-672 amino 
acids of S protein and is not glycosylation-dependent. 80R scFv 
competed with soluble ACE2 for association with the SI domain 
and bound SI with high affinity (equilibrium dissociation constant, 
K<i = 32.3 nM). A human IgGI form of 80R bound SI with a 20-fold 
higher affinity of 1.59 nM comparable to that of ACE2 (ACd = 1.70 
nM), and neutralized virus 20-fold more efficiently than the 80R 
scFv. These data suggest that the 80R human monoclonal antibody 
may be a useful viral entry inhibitor for the emergency prophylaxis 
and treatment of SARS, and that the ACE2-binding site of SI could 
be an attractive target for subunit vaccine and drug development. 

T he severe acute respiratory syndrome (SARS)-associated 
coronavirus (SARS-CoV), a newly emergent member in the 
family Coronaviridae, causes SARS for which there are no 
vaccines or effective therapies currently available (1-4). It has 
been reported that high titers of protecting IgG antibody to 
SARS-CoV are present in convalescent serum, and SARS 
patients show clinical improvement if they are given serum from 
previously infected patients (5, 6). These observations suggest 
that passive immunization with human monoclonal antibodies 
could be developed for the treatment of SARS (7). The spike (S) 
proteins of coronaviruses are large type-I transmembrane gly¬ 
coproteins that are responsible for receptor binding and mem¬ 
brane fusion. Two functional domains at the amino (SI) and 
carboxy (S2) termini of the S protein are conserved among the 
coronaviruses. The SI and S2 domain of SARS-CoV S protein 
can be identified by sequence alignment with other coronavirus 
S proteins, especially with the more conserved S2 domain 
(8-10). The S protein is also the major antigenic determinant for 
coronaviruses (9,11-14). It has recently been demonstrated that 
the binding of the SI domain to its receptor angiotensin¬ 
converting enzyme 2 (ACE2) on host cells is responsible for 
SARS-CoV entry into cells (15). Therefore, we targeted the SI 
protein for generation of neutralizing human monoclonal anti¬ 
bodies. Here we report the identification, production, and 
characterization of a neutralizing human monoclonal antibody 
80R against SARS-CoV that blocks the binding of SI to ACE2. 

Materials and Methods 

Expression and Purification of SARS-CoV SI and Truncated SI. Plas¬ 
mids encoding SARS-CoV S protein residues 12-672, 12-327, or 


261-672 fused with the constant region fragment of human IgGI 
[named as Sl-Ig, SI (327)-Ig and SI (261-672)-Ig, respectively] 
were transfected into 293T cells for transient expression. A 
plasmid encoding residues 12-672 of S protein fused C- 
terminally with C9 (S1-C9) was also transfected into 293T cells 
for expression. The Ig-tagged proteins were purified by protein 
A Sepharose. Anti-C9 antibody 1D4 obtained from the National 
Cell Culture Center was conjugated with protein A Sepharose 
and used for purification of S1-C9. The purity was detected by 
SDS/PAGE, and the protein concentration was determined by 
a protein assay kit (Bio-Rad). 

Selection of Phage Library and Screening of Phage Antibodies. Two 

human nonimmune single-chain variable region fragment (scFv) 
libraries (a total of 2.7 X 10 10 members) constructed from B cells 
of 57 unimmunized donors were used for selection of scFvs 
against the purified S1-C9. Plaque-forming units (5 X 10 11 ) of 
phage-scFvs prepared from each library were mixed and intro¬ 
duced for panning into Maxisorp immunotubes (Nunc) coated 
with 10 jug of S1-C9. Nonspecifically absorbed phages were 
removed by intensive washings. Specific bound phages were 
eluted with 100 mM triethylamine, neutralized, amplified, and 
used for further selections as described (16). Randomly picked 
single phage-scFv clones were screened for specific binding to 
S1-C9 by ELISA after three rounds of panning. Briefly, 96-well 
Maxisorp immunoplates were coated with 0.2 p,g of S1-C9 per 
well or control proteins HIV-1 gpl20-C9 and BSA, blocked with 
PBS containing 4% nonfat milk. Phage-scFvs in PBS containing 
2 % nonfat milk were added. Specific bound phages were de¬ 
tected by adding horseradish-peroxidase-conjugated mouse anti- 
M13, and the system was developed by adding TMB substrate. 
Absorbance at 450 nm was measured. Clones that bound to 
S1-C9 withH 45 o values of >1.0 were scored as positive, whereas 
negative clones gave values of <0.2. For S1-C9 specific binding 
clones, the genes of variable regions of heavy (VH) and light 
(VL) chain were sequenced, and their corresponding amino acid 
sequences were aligned. 

Expression and Purification of scFvs and Whole Human IgGI. The VH 

and VL gene fragments of Sl-specific scFvs were cloned into 


This paper was submitted directly (Track II) to the PNAS office. 

Abbreviations: SARS, severe acute respiratory syndrome; SARS-CoV, SARS-associated coro¬ 
navirus; S, spike; scFv, single-chain variable region fragment; S1-C9, S protein fused 
C-terminally with C9; VH, heavy chain; VL, light chain; ACE2, angiotensin-converting 
enzyme 2. 

Data deposition: The sequences reported in this paper have been deposited in the GenBank 
database (accession nos. AY530312-AY530326). 

^To whom correspondence should be addressed. E-mail: wayne_marasco@dfci. 
harvard.edu. 

© 2004 by The National Academy of Sciences of the USA 


2536-2541 | PNAS | February 24,2004 | vol. 101 | no. 8 


www.pnas.org/cgi/doi/10.1073/pnas.0307140101 




prokaryotic expressing vectors. Some of them were cloned into 
pSynl vector (17, 18), expressed in Escherichia coli XLl-Blue 
(Stratagene), and purified from the periplasmic fractions. The 
others were cloned into pET22b( +) vector (Novagen), expressed 
in E. coli BL21(DE3) (Novagen), and purified from insoluble 
fraction of the inclusion bodies. All scFvs contain a His-6 tag that 
allows purification by immobilized metal affinity chromatogra¬ 
phy. The scFvs purified from the periplasmic extracts were 
dialyzed in PBS, and the scFvs purified from inclusion bodies 
were renatured by dialyzing in 0.4 M L-arginine containing 
buffer followed by PBS. The Sl-binding activity of purified 
soluble scFvs was confirmed by ELISA by using S1-C9 and Sl-Ig. 
The rabbit anti-His-6 polyclonal antibody (Santa Cruz Biotech¬ 
nology) and horseradish peroxidase-labeled anti-rabbit Ig 
(Pierce) were used to detect the bound scFvs in ELISA. For 
production of whole human IgGl, the VH and VL gene frag¬ 
ments of scFv were separately subcloned into human IgGlic 
expression vector TCAE5 (19). IgGl was expressed in 293T cells 
by transient transfection and purified by protein A Sepharose 
affinity chromatography. 

Microneutralization Assay. To preserially diluted antibody samples 
in 96-well tissue culture plates, =“37 plaque-forming units of 
SARS-CoV (Urbani strain) were added, and the mixture was 
incubated at 37°C for 1 h. Subsequently, “2 X 10 s Vero E6 cells 
were added to each antibody/virus mixture, and the plate was 
incubated further at 37°C/5% CO 2 for 3-4 days. To visualize the 
results, the plate was stained with crystal violet-formaldehyde 
stain (0.013% crystal violet, 2.5% ethanol, and 10% formalde¬ 
hyde in 0.01 M PBS) for 1 h at room temperature. The endpoint 
of the microneutralization assay was defined as the dilution at 
which >50% of the testing wells are not protected from infec¬ 
tion; in the other words, the endpoint titer is reached when three 
or two of three wells are not protected. The assay was performed 
in triplicate. 

Syncytia Inhibition Assay with Anti-Si Antibodies. 293T cells, =30% 
confluent in T75 flask, were transfected with plasmids encoding 
a codon-optimized form of full length of SARS-CoV S protein 
or receptor ACE2. One day after transfection, cells were 
trypsinized and washed once in medium. Those S protein¬ 
expressing cells were premixed with 0, 25, 50, and 100 nM of 
anti-Sl scFvs or IgGl for 10 min at room temperature, mixed 
with cells expressing ACE2 at a 1:1 ratio, and plated on 24-well 
plates. Cells were cultured in the presence of antibodies. After 
36 h, syncytia were observed, and representative photographs 
were taken. 

Affinity Measurement by Biacore. The binding kinetics and affinity 
of neutralizing antibody and receptor ACE2 to the purified Sl-Ig 
were analyzed by surface plasmon resonance (Biacore 3000, 
Uppsala, Sweden). The purified Sl-Ig was covalently immobi¬ 
lized to a CM5 sensor chip via amine group using the amine 
coupling kit (Biacore) in 10 mM sodium acetate buffer, pH 4.5. 
Experiments were run at a flow rate of 10 pl/min in HBS-EP 
buffer (Biacore). The surface was regenerated with 10 mM 
glycine-HCl, pH 2.0. Binding kinetic parameters were measured 
with antibodies or receptor at different molar concentrations 
and evaluated with BIA-EVALUATION software (Biacore). 

Flow Cytometry Analysis of Inhibition of SI Binding to Vero E6 Cells 
by Antibody. scFvs (0, 5, 15, or 30 p-g/ml) were mixed with 15 
p-g/ml Sl-Ig in a 40-pi volume at 4°C for 1 h. Each mixture was 
added to Vero E6 cells (2 X 10 5 ) and incubated at 4°C for 1 h. 
SI (327)-Ig was used as Sl-Ig control also incubated with Vero 
E6 cells. Cells were washed three times with PBS containing 
0.5% BSA and 0.1% NaN 3 . For detection of Sl-Ig binding to 
Vero E6 cells, FITC-labeled goat anti-human IgG (Pierce) was 


used as secondary antibody and incubated with cells at 4°C for 
30 min. Cells were washed as above. Samples were analyzed by 
using FACScan with CELLQUEST software (both from Becton 
Dickinson). 

Radioimmunoprecipitation Assay of Inhibition of SI Binding to Soluble 
ACE2 by Antibody. Sl-Ig (1.5 /rg) was mixed with different 
amounts (0.1, 0.5, 1.5, 4.5 jag) of scFvs and incubated at 4°C for 
1 h. Soluble ACE2 was expressed in 293T cells and metabolically 
labeled for 24 h with [ 35 S]cysteine and [ 35 S]methionine (NEN 
Life Science). The premixed Sl-Ig and scFvs or goat anti-human 
ACE2 polyclonal antibody (R & D Systems) were added to 100 
fi\ of metabolically labeled ACE2 and protein A Sepharose 
beads and incubated for 1 h at 4°C. The beads were washed four 
times with PBS containing 0.25% NP40 and 0.01% SDS. Bound 
proteins were eluted in reducing Laemmli sample buffer at 
100°C for 5 min. Proteins were separated by 8% SDS/PAGE and 
visualized by autoradiography on Kodak Biomax MR film. 

Deglycosylation of Sl-Ig and Western Blotting with scFv. The purified 
Sl-Ig was deglycosylated with PNGase F (New England Biolabs), 
an enzyme that removes N-linked glycosylation, under denatur¬ 
ing conditions according to the manufacturer’s instructions. For 
Western blotting, 50 ng of Sl-Ig, SI (327)-Ig, SI (261-672)-Ig, or 
deglycosylated Sl-Ig were reduced by boiling in 20 pi of reducing 
sample buffer (50 mM DTT/1% SDS), or 50 ng of Sl-Ig was 
denatured in denaturing sample buffer (1% SDS). Those sam¬ 
ples were subjected to 10% SDS/PAGE. The SI and truncations 
of SI were blotted by anti-Sl scFv and followed by polyclonal 
rabbit anti-His-6 antibody (Santa Cruz Biotechnology) and then 
horseradish peroxidase-labeled anti-rabbit IgG (Pierce). The 
luminometric detection was performed by using the SuperSignal 
Chemiluminescent substrate kit (Pierce). 

Results and Discussion 

Identification of Anti-Sl Phage Antibodies, Expression, and Purifica¬ 
tion of Soluble scFvs. Purified recombinant S1-C9 was used as 
antigen to select antibodies from two nonimmune human scFv 
libraries. After three rounds of selection on S1-C9, a total of 288 
clones were screened for SI specific binding by ELISA. One 
hundred four clones specifically recognized S1-C9 protein but 
not HIV-1 gpl20-C9 and BSA control proteins. Eight unique 
anti-Sl scFvs were identified (6A, 8C, 12E, 26H, 27D, 80R, 91M, 
and 92N) by sequencing analysis of the individual clones (Table 
1). Eight different VH and seven different VL sequences were 
revealed (one scFv 6A did not contain a VL). The gene families 
were VH1 and VH3 for VH and VA1, VA2, VA8, VkI, and Vk 3 
for VLs. Further, the eight scFvs tagged with His-6 were 
expressed in E. coli and purified by immobilized metal affinity 
chromatography. Vector pSynl was used for expression of the 
6A, 80R, 91M, and 92N, and vector pET22b(+) was used for the 
other four scFvs expression because of their lower expression 
level in pSynl. The binding activity and specificity of the scFvs 
were confirmed by ELISA with S1-C9 and Sl-Ig. 

Neutralizing Activity of 80R and Affinity of 80R and ACE2. Neutral¬ 
izing activity of the purified soluble anti-Sl scFvs for SARS CoV 
(Urbani strain) was tested on susceptible Vero E6 cells by a 
microneutralization assay. One of eight scFvs, 80R (VH3 /Vk 3), 
showed neutralization activity (Fig. L4). The finding that mono¬ 
valent scFv 80R has potent neutralizing activity in vitro demon¬ 
strated that SARS-CoV neutralization does not require bivalent 
binding. However, the very fast blood clearance of monovalent 
scFv fragments represents a major limitation for their utilization 
in passive immunotherapy. In most cases, the bivalent full-length 
immunoglobulin is more effective than their corresponding scFv 
because of avidity effects, effector functions, and prolonged 
serum half-life. Therefore, 80R scFv was converted to a bivalent 
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Table 1. Amino acid sequence of anti-SI scFvs 
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Framework regions 1-4 (FW1-4), and complementarity-determining regions 1-3 (CDR1-3) for both the VH and VL are shown. The VH and VL family 
designations are also shown. Consensus amino acids are shown if they are encoded by >50% of VH or VL genes at a given position. A dot in the consensus sequence 
is shown if <50% of genes encoded the same amino acid. Dots in individual sequences represent the same amino acid as the consensus. Dashes represent gaps. 


human whole IgGl (80R IgGl). Binding kinetic rates (K on and 
K off ) and affinities of 80R scFv, 80R IgGl, and ACE2 receptor 
for Sl-Ig were measured by surface plasmon resonance. As 
shown in Table 2, 80R IgGl had a 20-fold increase (Kd = 1-59 
nM) in binding affinity to SI over its parental 80R scFv (Kd = 


32.3 nM), which is comparable to that of the receptor ACE2 
(Kd = 1.70 nM). In a further microneutralization assay, as shown 
in Fig. IB, 80R IgGl was 20-fold more effective than 80R scFv 
on a molar basis comparison, which was consistent with its 
superior affinity (Fig. IB). At a concentration of 7.43 nM, 80R 
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Fig. 1. Microneutralization assay of anti-SI antibodies on SARS-CoV. (A) Microneutralization assay of anti-SI scFvs. The positive control was convalescent serum 
from a SARS patient; the negative control was non-SARS human serum. The names of the scFvs are labeled at the top, and antibody titers are indicated on the 
left. Neutralizing scFv 80R and only one nonneutralizing scFv 27D (illustrative of the other nonneutralizing scFvs) are shown. Undiluted SARS-CoV (===37 
plaque-forming units) was loaded per well. ( B) Comparison of the neutralization activity of 80R scFv and full-length 80R IgGl. The positive and negative control 
serum samples and the amount of virus used were the same as in A. The titer and concentration of antibodies are labeled on the left. 
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Table 2. Kinetic rates and binding affinity of 80R antibody and 
ACE2 to Sl-lg 

K on , IVM-s- 1 K ofi , s 1 K a , M ’ Ka, M 

80R scFv 2.29 X10 5 8.36 X lO 3 3.10 X 10 7 3.23 X 10- 3 

80R IgGI 3.88 X 10 5 6.18 X lO 4 6.28 x 10 s 1.59 X lO 9 

ACE2 2.47 X 10 5 4.20 X lO 4 5.88 x 10 s 1.70 X 10- 9 

Kinetic rates and K a and Kd were calculated using bia-evaluation software. 

scFv can neutralize >50% of the testing wells from infection, 
whereas the same neutralizing activity was achieved by 80R IgGI 
at a concentration as low as 0.37 nM. 

Inhibition of Syncytia Formation and Binding of SI to ACE2 by 80R. 

Because SARS-CoV S protein-expressing 293T cells can fuse 
with receptor ACE2-expressing 293T cells to form multinucle- 
ated syncytia, we performed a syncytia formation inhibition 
assay with all eight anti-Sl scFvs and 80R IgGI. Consistent with 
the neutralization results, 80R was the only scFv that inhibited 
syncytia formation (data not shown). 80R IgGI was also more 
potent in blocking syncytia formation than 80R scFv, as shown 
in Fig. 2. These results indicated that the mechanism by which 
80R neutralized SARS-CoV could be direct inhibition of virus 
attachment to cell membrane through blocking binding of SI to 
ACE2. To confirm this directly, we first examined whether the 
80R scFv could inhibit the binding of SI to ACE2-expressing 
Vero E6 cells. As shown in Fig. 3 A, when Vero E6 cells were 


incubated with Sl-lg in the presence of 80R scFv and analyzed 
by flow cytometry, 80R scFv completely inhibited the binding of 
Sl-lg to Vero E6 cells at a concentration of 15 p-g/ml (about five 
times greater molar concentration than Sl-lg), whereas a non¬ 
neutralizing antibody 27D did not inhibit the binding under the 
same conditions. SI (327)-Ig, which is not part of the receptor¬ 
binding domain (15), was used as a control for Sl-Ig-specific 
binding to Vero E6 cells. Second, the binding of Sl-lg to 
metabolically labeled soluble ACE2 was specifically inhibited by 
80R scFv in a dose-dependent manner (Fig. 3 B). Collectively, 
these data demonstrate that the primary mechanism of the 
neutralizing activity of 80R is through blocking of SI binding to 
ACE2. 

Characterization of 80R Epitope. Primary characterization of 80R 
epitope showed that 80R recognized SDS-denatured, DTT- 
reduced, and PNGase F-deglycosylated SI in an immunoblotting 
assay (Fig. 4A), although binding is greater under nonreduced 
conditions. This suggests that the 80R epitope is more sensitive 
to reduction, more resistant to denaturation, and independent of 
glycosylation. Mapping of the 80R epitope showed that it was 
located within the N-terminal 261-672 amino acids of S protein, 
as shown in Fig. 4 B, 80R did not recognize the SI (327)-Ig but 
recognized the SI (261-672)-Ig as determined by Western 
blotting. This is of interest when compared to the neutralizing 
epitopes on S protein of murine hepatitis virus (MHV), which 
have been mapped to the N-terminal 330 amino acids of SI (20). 
Although MHV is thought to be a closest relative of SARS-CoV, 
the SARS-CoV is only distantly related to any of the three known 
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Fig. 2. Inhibition of syncytia formation by anti-Sl antibodies. Shown is syncytia formation assay with anti-Sl antibodies. 293T cells expressing SARS-CoV S 
protein were preincubated with the indicated concentrations of anti-Sl scFvs or 80R IgGI and then mixed with 293T cells expressing ACE2. After culturing for 
36 h in the presence of antibodies, dose-dependent inhibition of syncytia formation by 80R scFv, 80R IgGI was observed and photographed. Representative 
results are shown. 
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80R scFv (M-9) - 0.10.5 1.5 4.5 - - - - - 

anti-ACE2 (1 .OM-9) - -- -- ---- + 

Sl-lg (1.5M-9) + + + + + + ++ + - 


150 KD- 
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Fig. 3. 80R scFv inhibiting the binding of SI to ACE2 receptor. (A) Flow cytometry histograms; shown is staining Vero E6 with Sl-lg and flow cytometry analysis. 

Dotted line, control staining with SI (327)-lg; thin line, cells were stained with Sl-lg; bold line, staining with premix of 0.3 p,g of Sl-lg and 0.3 ng of 80R scFv {Left) 
or 27D scFv {Right). {B) scFv competition of Sl-lg binding to ACE2 in immunoprecipitation. Radiolabeled ACE2 was immunoprecipitated by Sl-lg that was 
preincubated with the indicated amounts of either 27D scFv or 80R scFv. Anti-ACE2 precipitates were used as a positive control. Immunoprecipitates were run 
on a reducing SDS/PAGE gel and visualized by autoradiography. 



classes of coronavirus and has now been assigned to a fourth 
group (7-8). The sequence similarity of S protein of SARS-CoV 
and the S protein of MHV is low (26.5% pairwise amino acid 
identity), and the functional receptor for the SARS-CoV is 
ACE2, which is quite different from the receptor of MHV (BGP, 
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Fig. 4. Western blotting of Sl-lg using 80R scFv. Nonreduced, reduced, or 
deglycosylated samples were subjected to 10% SDS/PAGE gel, transferred to 
nitrocellulose membrane, detected with anti-SI 80R scFv, and followed by 
rabbit anti-His-6 Ig and horseradish peroxidase-labeled anti-rabbit IgG. (A) 
80RscFv recognized nonreduced SI much stronger than reduced SI, and there 
is no further significant decrease of antibody binding to deglycosylated SI as 
compared with reduced SI. (B) 80R scFv bound to SI (261—672)-lg but did not 
bind to SI (327)-lg. All samples were run under reducing conditions. 


a member of the carcinoembryonic antigen family of the Ig 
superfamily) (8, 15, 21). Therefore, it is not surprising that the 
receptor-binding domain and the neutralizing epitopes on these 
two viruses are localized to different regions on S protein. 
Further work will be required to define the precise structure of 
the 80R epitope, which will likely have important implications 
for anti-SARS drug development and the design of vaccines 
capable of eliciting a protective 80R-like antibody response. 

Conclusion 

In summary, we have identified an anti-SI human monoclonal 
antibody 80R with a nanomolar affinity that potently neutralizes 
SARS-CoV infection and efficiently inhibits syncytia formation 
through blocking of receptor binding. The approach used in our 
investigation is noteworthy in that a potent neutralizing high- 
affinity antibody against an emerging pathogen was readily 
selected from nonimmune human antibody library. Passive 
immunization has been proven to be an effective and safe 
strategy for the prevention and treatment of viral disease 
(22-25). The passive administration of neutralizing human 
monoclonal antibodies could provide an immediate treatment 
strategy for emergency prophylaxis and treatment of SARS, 
while the alternative and more time-consuming development of 
vaccines and new drugs is underway. Although in vivo antiviral 
activities of 80R remain to be investigated in the clinical setting, 
good correlation between the antibody-neutralizing activity in 
vitro and the protection in vivo for many different viruses, 
challenge routes, and animal models has been reported (26-27). 
Our in vitro data suggest that the 80R human monoclonal 
antibody can be further developed and tested in in vivo animal 
studies to determine its clinical utility as a potent viral entry 
inhibitor for emergency prophylaxis and treatment of SARS. 
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